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Description 



FIBER OPTICAL APPARATUS AND SYSTEM 
FOR IN SITU LASER PLASMA 
SPECTROSCOPY 

Background of the Invention 

[0001] The present disclosure relates generally to laser emission 
spectroscopy and, more particularly, to an apparatus and 
system for in situ laser plasma spectroscopy analysis. 

[0002] jhe elemental composition of solids can be determined 
rapidly and simply with the use of laser plasma spec- 
troscopy (LPS). Also known as laser induced breakdown 
spectroscopy (LIBS) and laser-induced plasma spec- 
troscopy (LIPS) (as well as other names), LPS uses a high 
peak power laser pulse to form a microplasma or spark on 
a sample to be analyzed. A small amount of the sample 
material is vaporized and a plasma is formed, with the 
emitting species (e.g., ions, atoms and molecules) in the 
plasma being identified by spectrally and temporally re- 
solving the plasma light. 



[0003] Although LPS measurements may be performed remotely 
by pointing the laser beam directly on the sample in free 
space, it is an undesirable technique to be used by people 
working in the field. In an alternative method of remote 
LPS spectroscopy analysis, the laser output is coupled to 
an optical fiber that transmits the laser energy to a gener- 
ally inaccessible location. A probe or borescope then di- 
rects the laser energy to the sample surface. In this type 
of apparatus, a beam splitter is typically inserted inside 
the probe to separate the incident laser beam from the re- 
turning LPS signal, which is in turn coupled to a fiber optic 
connected to a spectrometer. 

[0004] Conventional probe designs utilize at least two fibers in- 
side the probe package itself, one for the laser delivery 
and the other one for LPS signal collection. However, this 
type of design makes the probe bulky, which can be un- 
suitable in certain field applications. In other probe de- 
signs, two fibers are bundled together as a pair. Laser en- 
ergy exiting from the laser delivering fiber is focused on 
the surface of the sample by optics that are also used to 
image the plasma radiation generated on the sample sur- 
face back to the laser delivering fiber. Since the plasma 
has finite dimension and the optics have aberrations as- 



sociated therewith, the image of the plasma on the side of 
fiber is extended, and thus the second fiber next to the 
laser delivering fiber also collects some LPS generated ra- 
diation. However, the collection is secondary and the effi- 
ciency is therefore low. Alternatively, other approaches 
have utilized a curved mirror on the side of the laser- 
focusing lens to reflect the plasma radiation to a collect- 
ing chamber. Again, these types of systems that feature 
multiple optical devices within the probe assembly itself 
are very bulky. 

[0005] Accordingly, it would be desirable to be able to have a 
field suitable, portable LPS system that can be moved 
from location to location and can also withstand a harsh 
environment, featuring (among other aspects) a compact 
probe that can be held by hand, inserted into and directed 
by a guide tube, or carried by a robot to a desired loca- 
tion. 

Brief Description of the Invention 

[0006] The above discussed and other drawbacks and deficien- 
cies of the prior art are overcome or alleviated by an in- 
situ laser plasma spectroscopy (LPS) apparatus. In an ex- 
emplary embodiment, the apparatus includes an enclosure 
for housing a laser energy source. A main fiber is con- 



nected to the enclosure at a first end of the main fiber, 
and connected to a probe at a second end of the main 
fiber. The main fiber is configured for transmitting input 
laser energy from the laser energy source to a target and 
for transmitting laser induced plasma emission signals 
back from the target. The probe has a single focal lens for 
directing the input laser energy from the main fiber to the 
target, and for directing the laser induced plasma emis- 
sion signals from the target to the main fiber. 
[0007] | n another aspect, an in-situ laser plasma spectroscopy 
(LPS) apparatus includes an enclosure for housing a laser 
energy source. A main fiber is connected to the enclosure 
at a first end of the main fiber, and connected to a probe 
at a second end of the main fiber. The main fiber is con- 
figured for transmitting input laser energy from the laser 
energy source to a target and for transmitting laser in- 
duced plasma emission signals back from the target. The 
probe has a single focal lens for directing the input laser 
energy from the main fiber to the target, and for directing 
the laser induced plasma emission signals from the target 
to the main fiber. At least one satellite fiber is connected 
to the probe, the at least one satellite fiber configured so 
as to transmit a portion of laser induced plasma emission 



signals back from said target. 
[0008] | n s ti|| another aspect, an in-situ laser plasma spec- 
troscopy (LPS) system, includes an enclosure for housing a 
laser energy source. A main fiber is connected to the en- 
closure at a first end of the main fiber, and connected to a 
probe at a second end of the main fiber. The main fiber is 
configured for transmitting input laser energy from said 
laser energy source to a target and for transmitting laser 
induced plasma emission signals back from said target. 
The probe has a single focal lens for directing the input 
laser energy from the main fiber to the target, and for di- 
recting the laser induced plasma emission signals from 
the target to the main fiber. A beam splitter is disposed 
within said enclosure, the beam splitter configured for di- 
recting the input laser energy from the laser energy 
source into the main fiber, the beam splitter further con- 
figured for directing the laser induced plasma emission 
signals from the main fiber to a second fiber connected to 
the enclosure. The system further includes a spectrometer 
device connected to the second fiber, the spectrometer 
device configured to receive the laser induced plasma 
emission signals for analysis of the laser induced plasma 
emission signals. An intensified charge-coupled device 



(ICCD) camera is attached to the spectrometer device, and 
a computer is in communication with the ICCD camera. 
Brief Description of the Drawings 

[0009] Referring to the exemplary drawings wherein like ele- 
ments are numbered alike in the several Figures: 

[0010] Figure 1 is a schematic drawing of an in situ, laser plasma 
spectroscopy (LPS) system, in accordance with an embodi- 
ment of the invention; 

[° 01 1 ] Figure 2 is a cross sectional view of a probe included 
within the LPS system of Figure 1; 

[0012] Figure 3 is a schematic drawing of an alternative embodi- 
ment of the LPS system of Figure 1; 

[0013] Figure 4 is a schematic drawing of a satellite fiber and 

PMT detector used in conjunction with the embodiment of 
Figure 3; and 

[0014] Figures 5-7 are cross sectional views illustrating various 
embodiments of satellite fiber configurations. 
Detailed Description of the Invention 

[0015] Disclosed herein is portable apparatus system that pro- 
vides in situ and remote elemental analysis of a material 
surface. Elemental composition identification is based on 
the laser plasma spectroscopy (LPS) technique, wherein a 



probe includes a main fiber for delivering both the laser 
pulse and returning LPS signal. In an alternative embodi- 
ment, additional satellite fibers are bundled inside the 
probe together with the main laser/LPS signal delivering 
fiber, for transmitting the LPS signal to other devices (e.g., 
a sensitive photodiode to monitor the LPS signal fluctua- 
tion, and a PMT which controls a shutter to block the laser 
once the spectrum of a substrate material is detected). On 
the other side of the main fiber, a beam splitter separates 
the laser and the LPS signal. The LPS signal is then imaged 
to another fiber, which is connected to the entrance of the 
spectrometer. In addition, the laser and all the fiber cou- 
pling optics are sealed in a single enclosed chamber, so 
that the apparatus can withstand harsh field environment 
conditions. This configuration also renders the system as 
a Class I laser. 

[0016] Referring initially to Figure 1, there is shown a schematic 
diagram of an in situ, laser plasma spectroscopy (LPS) 
system 100, in accordance with an embodiment of the in- 
vention. A sealed enclosure 102 includes a Q-switched, 
sealed Nd:YAG laser 104 operating at a wavelength of 
1064 nm, which generates laser pulses reflected by a mir- 
ror 105 and focused by a first lens 106. The generated 



pulses are then reflected by a short-wavelength pass/ 
long-wavelength reflect beam splitter 108 before being 
coupled into a first (main) fiber 110. The main fiber 110, 
which has a relatively large core diameter (e.g., larger than 
0.6 millimeters), is connected at one end thereof to the 
enclosure 102 using an SMA or other kind of suitable op- 
tical connector (not shown in Figure 1). At the opposite 
end thereof, the main fiber 110 connects to a probe 112. 
[0017] a s the laser pulses exit from the main fiber 110 within the 
probe 112, they are focused by an uncoated, small, short 
focal length lens 114. The focal lens 114has an exemplary 
diameter of about 12 millimeters (mm) and an exemplary 
focal length of about 12 mm. In addition to focusing the 
incident laser pulses on the target 116 to be analyzed, the 
lens 114 also images the resulting laser-induced break- 
down plasma emission back to the surface of the laser 
delivering fiber (i.e., the main fiber 110). Accordingly, the 
main fiber 110 also serves the purpose of transmitting the 
plasma emission signal back to the entrance surface 
thereof at sealed enclosure 102, wherein the short- 
wavelength pass/ long-wavelength reflect beam splitter 
108 separates the 1064-nm laser pulses from the shorter 
wavelength LPS signals. 



[0018] Enclosure 102 includes a second lens 118 for imaging the 
LPS signals to the entrance surface of a second fiber 120, 
the second lens 118 has exemplary dimensions of about 
50.8 mm in diameter and about 100 mm in focal length. It 
will be noted that lens 118 is disposed within enclosure 
102 such that it is equidistant between the main fiber 110 
and the second fiber 120. Thus, there is a one to one 
imaging from the main fiber laser entrance surface to the 
second fiber LPS signal entrance surface. In other words, 
the main and second fibers may have the same core size. 
Moreover, the second fiber 120 is designed such that the 
numerical aperture (NA) entering therein is the same as 
the NA designed for a spectrometer 122 to which the 
other end of second fiber 120 is connected. 

[0019] Although the second fiber 120 may be a single large core 
fiber, it could also be a fiber bundle in which the small in- 
dividual fibers thereof are arranged in a circular configu- 
ration on the enclosure side and realigned in a linear con- 
figuration on the spectrometer entrance side. Accordingly, 
the spectrometer 122 includes a fiber adaptor (not shown) 
for the fiber containing the incoming LPS signal. The in- 
coming LPS signal is then dispersed and imaged on an 
ICCD (intensified charge-coupled device) camera 124. The 



resulting image of the ICCD camera 124 is transferred to a 
computer 125 for elemental analysis. 
[0020] | n one embodiment, the components of the system 100 
(except for the probe 112 and main fiber 110 are en- 
closed and transported in a vibration-damped case 127, 
as schematically depicted by the dashed line in Figure 1. 
The case 127 may include casters to enhance mobility of 
the system 100. During transportation, the main fiber 110 
may be disconnected from both the probe 112 and the 
enclosure 102. 

[0021] Figure 2 is a cross sectional view of one possible embodi- 
ment of the design of the probe 112. In the embodiment 
depicted, the probe includes a generally cylindrical hous- 
ing 126 having a suitably compact length, /, and diameter, 
d, so as to comfortably fit in the palm of a user's hand. As 
is shown, the probe 112 has just the single uncoated lens 
114 for directing laser pulses from the main fiber 110 to 
the target surface. The main fiber 110 is shown encased 
in a protective sheath 128 (e.g., stainless steel) and enters 
the housing 126 through an optical connector 130, such 
as an SMA connector. 

[0022] The probe 112 further includes a stop 132 such that the 
end 134 thereof coincides with the focal point 136 of the 



laser pulse exiting the lens 114. In field applications, a 
user may therefore position the probe 112 in direct con- 
tact with the sample surface without regard to the posi- 
tion of the laser focal point. Again, the lens 114 also im- 
ages the resulting plasma radiation from the sample sur- 
face back to the main fiber 110. A mechanically depress- 
ible shutter 138 is further provided so that the user can 
selectively unblock the emergence of the laser energy 
from the probe. In addition, the housing 126 may also in- 
clude an indicator 140 (e.g., an LED) for indicating to the 
user whenever laser 104 power is on. If such an indicator 
140 is implemented, a power lead 142 is used to provide 
power thereto. 

[0023] Referring now to Figure 3, there is shown a schematic 
drawing of an alternative embodiment of an LPS system 
300. For purposes of clarity, like elements in Figure 3 with 
respect to Figure 1 are designated with like reference nu- 
merals. In addition to the features previously discussed, 
LPS system 300 further includes a satellite (i.e., second) 
fiber 302 coupled to the main fiber 110 proximate to the 
input of probe 112. The satellite fiber 302 carries a por- 
tion of the LPS radiation signals to be transmitted to an- 
other monitoring device(s), depending on the desired ap- 



plication(s) thereof. 

[0024] For example, in the embodiment depicted, the satellite 
fiber 302 may be used in conjunction with a shuttering 
system in order to protect certain material present in the 
target 116, wherein upon detection of the presence of ab- 
lated protected material, an appropriate control signal is 
used to engage a shutter 304 located adjacent the output 
of laser 104 in enclosure 102. The shuttering system may 
be a photomultiplier tube (PMT) based system, in which 
the LPS radiation collected by the satellite fiber 302 is 
transmitted to a PMT detector 306, as shown in more de- 
tail in Figure 4. In particular, the LPS radiation from the 
satellite fiber 302 is collimated by a lens 308 and blocked 
by a narrow band pass filter 310. The narrow band pass 
filter 310, which may be an interference filter or other 
type of filter, is configured so as to transmit a narrow 
range of wavelengths characteristic of the target material 
sought to be protected from laser damage. Once the LPS 
signal passes through the filter 310, and the PMT output 
thereafter exceeds a preset threshold, a timing box 312 
(Figure 3) will send a signal to the shutter 304 to block 
the laser output. 

[0025] it w i|| be appreciated that in the satellite fiber embodi- 



ment of Figure 3, the LPS signal collected therefrom may 
also be delivered to a photodiode in order to monitor the 
intensity of the LPS signal fluctuation itself. In other 
words, the LPS signal collected by the satellite fiber 302 
may be used as part of a diagnostic operation. If the LPS 
signal intensity is too low, this could indicate, for exam- 
ple, that (1) the main laser delivering fiber may be broken; 
or (2) that there is an issue with probe alignment, in that 
the sample is not at the focusing point of the probe. Ad- 
ditionally, the secondary LPS signal can be used in data 
analysis to normalize the main LPS signal to correct for 
changes in the signal that are due to fluctuations in the 
laser energy. 

[0026] Finally, Figures 5 through 7 illustrates various possible 
configurations for the satellite fiber 302 layouts with re- 
spect to the main fiber 110. In Figure 5, the satellite 
fiber(s) 302 is packed along with the main fiber 110 
within the connector 130 of the probe 112 such that the 
returning LPS signals are collected on both the satellite 
fiber 302 and the main fiber. When viewed along the line 
A-A in Figure 5, the satellite fiber(s) may be arranged lin- 
early along the main fiber 110, as shown in Figure 6. Al- 
ternatively, multiple satellite fibers 302 may be arranged 



hexagonally around the main fiber for efficient packing, 
as shown in Figure 7. 

[0027] | n one embodiment, the main fiber 110 and satellite fiber 
302 have both a core and cladding, and may be placed 
precisely on a grooved wafer. The main and satellite fibers 
may also be bundled together with high temperature 
epoxy filling the empty space therebetween. Alternatively, 
the main fiber and satellite fiber can have just a core, 
along with high refraction index material to bundle them 
together. In Figure 5, the plasma emission on the sample 
surface at point 136 is imaged to the surface of the main 
fiber 110 by lens 114. However, since the lens 114 has 
aberrations and since the plasma is moving away from the 
sample surface, the plasma image on the fiber surface is 
much larger in area than the core surface area of main 
fiber 110. Thus, the plasma emission image is also di- 
rected to the satellite fiber 302. 

[0028] An exemplary LPS system in accordance with the above 

described embodiment of Figure 1 was constructed. In the 
exemplary system, both the main fiber 110 and second 
fiber 120 both have a 1 mm core diameter. Forty (40) mj 
pulses were coupled to the probe 112, which focused the 
input laser spot to a spot size of about 0.5 mm in diame- 



ter. The repetition rate of the input laser pulse was varied 
from about 1 to about 10 Hz. Both zinc and silicon were 
used as target samples, and strong LPS signals were ob- 
tained therefrom. Furthermore a PMT detector in accor- 
dance with the embodiment of Figure 3 was also success- 
fully tested. 

[0029] As will be appreciated, the configuration of the above de- 
scribed system embodiments provide for a compact fiber 
optics system for in situ laser plasma spectroscopy detec- 
tion. The LPS system is characterized by a compact probe 
with a single uncoated lens having a small diameter and 
short focal length. A single main fiber may therefore be 
used to deliver both the laser pulse and the returning LPS 
signal. The main fiber has a sufficiently large core diame- 
ter, so that the plasma radiation from the sample surface 
may be easily imaged back to the main fiber inside the 
probe. Optionally, one or more satellite (secondary) fibers 
may be bundled together with the main fiber inside the 
probe. The satellite fiber(s) collects a portion of LPS signal 
and carries it to other devices. The probe further includes 
a stop to fix the laser focal point imaged by the single 
lens inside the probe. 

[0030] a sealed enclosure is used to house both the laser and the 



remaining optics for withstanding harsh environments and 
for rendering the system as a Class I laser. The enclosure 
features fiber connectors (such as SMA or similar types) so 
that other components in the LPS system can be easily as- 
sembled to the package through fiber connections. In ad- 
dition to withstanding harsh environmental conditions, 
the system components excluding the probe (i.e., the en- 
closed laser chamber, laser power supply, spectrometer, 
ICCD camera, ICCD controller and computer) are placed 
and fixed tightly in another enclosed case that has vibra- 
tion damping. For ease of transportation, wheels may be 
provided underneath the case. 
[0031] while the invention has been described with reference to a 
preferred embodiment, it will be understood by those 
skilled in the art that various changes may be made and 
equivalents may be substituted for elements thereof with- 
out departing from the scope of the invention. In addition, 
many modifications may be made to adapt a particular 
situation or material to the teachings of the invention 
without departing from the essential scope thereof. 
Therefore, it is intended that the invention not be limited 
to the particular embodiment disclosed as the best mode 
contemplated for carrying out this invention, but that the 



invention will include all embodiments falling within the 
scope of the appended claims. 



